Abstract: CO 2 emission and fuel consumption of passenger cars is now assessed by using a simplistic procedure measuring the emission during a test performed without any control of the fuel properties and computing the fuel consumption through an unsophisticated formula. As pump gasoline and diesel fuels are refinery products mixture of many different hydrocarbons, and in case of gasoline may also contain a significant amount of oxygenates, the fuel properties, including the density, carbon and energy content may strongly vary from one pump fuel to the other. Being the specific test fuels carefully selected by the car manufacturers and everything but randomly chosen pump fuels, the claimed CO 2 emission and fuel economy figures may differ largely from the certification values. I show from the analysis of the 2014 UK government data for 2358 diesel and 2103 petrol vehicles how same volumes of only theoretically same pump fuels used during the certification test by the cars manufacturers unfortunately do not produce the same carbon dioxide emission, and very likely do not have the same energy content. The CO 2 emission per liter of diesel fuel is shown to oscillate from a maximum of 3049 g to a minimum of 2125 g, with an average of 2625 g, from a +16.13% to a −19.06% of the average. The CO 2 emission per liter of petrol fuel is shown to oscillate even more from a maximum of 3735 g to a minimum of 1767 g with an average of 2327 g, from a +60.48% to a −24.05% of the average. The proposed solution is to center the assessment on the energy demand by measuring with accuracy the mass of fuel consumed and the fuel properties of the test fuel starting from the lower heating. The corrected fuel consumption and the corrected carbon dioxide emission to mention from the test are then computed by using pure hydrocarbon reference fuels for diesel and petrol having a given lower heating value and a given hydrocarbon composition. Alternatively, exactly the same test fuel should be used by all the manufacturers.
UNECE R10CO 2 emission and fuel economy determination
According to the Intergovernmental Panel on Climate Change (www.ipcc.ch, 2013) the emissions resulting from human activities are substantially increasing the atmospheric concentrations of the green-house gases, resulting in a warming of the Earth's surface. Without entering in the merit of this discussion, the focus on the CO 2 emission has produced a novel way to assess the fuel economy of a car, and ultimately of the environmental impact, that is not based on the measure of the mass of fuel consumed but on the composition of the exhaust gases. Rather than measuring the fuel consumption, historically an evaluation of the pump fuel energy cost of driving a car, that for a given pump fuel also dictates the CO 2 emission (the amount of CO in the exhaust at the tailpipe is irrelevant), what is now measured is the gas composition, with significant errors, while permitting the use of fuels of drastically different composition to make the comparison of different cars everything but technically meaningful. While the passenger car carbon dioxide emission is covered by many scientific papers (Brand, A description of the certification test may be found in delphi.com (2014) . The test procedure is defined in UN-ECE R101 (unece.org, 2013) and maintained by the UN-ECE World Forum for Harmonization of Vehicle Regulations (WP.29).
The UNECE World Forum for Harmonization of Vehicle Regulations is working on the successor of the present test, the New European Driving Cycle (NEDC) that has always been criticized for not being representative of real driving conditions. If the NEDC closes with a sharp braking from 120 km/h to rest (delphi.com, 2014), the cycle being studied in the worldwide harmonized Light vehicles Test Proce-dures (WLTP) is now closing with an even sharper braking from above 130 km/h to rest (delphi.com, 2014).
UNECE R101 fuel economy computation
In the Annex 6 Method of measuring emissions of carbon dioxide and fuel consumption of vehicles powered by an internal combustion engine only of the UNECE R101, the calculation of CO 2 and fuel consumption values is prescribed to occur as follows. The mass emission of CO 2 , expressed in g/km, is calculated from the measurement results. For this calculation the density of CO 2 is assumed to be Q CO2 = 1.964 g/litre.
The fuel consumption value is then calculated from the emissions of hydrocarbons, carbon monoxide, and carbon dioxide determined from the measurement results.
The fuel consumption FC, expressed in liters per 100 km (in the case of petrol, LPG, ethanol (E85) and diesel) or in m 3 per 100 km (in the case of NG/bio methane) is calculated by means of the following formulae: ]. In case of LPG, but surprisingly not of petrol, if the composition of the fuel used for the test differs from the composition that is assumed for the calculation of the normalized consumption, something that is difficult to say as the specific test fuel analysis is not included, on the manufacturer's request, a correction factor CF may applies as follows:
] where the correction factor CF, which may be applied, is determined as CF=0.825+0.0693·n actual where n actual is the actual H/C ratio of the LPG fuel used. In the previous equations HC, CO and CO 2 are the measured emission of hydrocarbons, carbon monoxide and carbon dioxide in g/km, while ρ is the (specific) density in kg/liter of the test fuel that in case of gaseous fuels is determined at 15°C.
Technical discussion
As it is defined, the procedure seems everything but reliable, as the fuel energy required to move the car is not measured, and the volume of the unspecified fuel consumed is only guessed by using the above simplistic procedure everything but accurate, basically the equation of point a) for all the petrol cars and the equation of point e) for all the Diesel cars.
As pump gasoline and diesel fuels are refinery products mixture of many different hydrocarbons, and in case of gasoline may also contain a significant amount of oxygenates, the fuel properties, including the density, carbon and energy content may strongly vary from one pump fuel to the other. Being the specific test fuels carefully selected by the car manufacturers and everything but randomly chosen pump fuels, the variability of the test fuels may be even larger than the typical variability of pump fuels.
A This assumption clearly does not work with petrol and diesel fuels of variable properties providing a reasonable correlation at the most with the naďve average of purely hydrocarbon gasoline and diesel fuels, but certainly not with all the actual petrol and diesel fuels, particularly when oxygenates are included, and especially the blends used by the manufacturers.
Not having a carbon content per unit energy prescribed, there is theoretically no way the UNECE R101 measure of the CO 2 emission performed with a variable property fuel is indicative of the actual CO 2 emission of the fuel economy the car would have when fuelled with pump fuels. Even worse, the computed fuel economy is even less representative of the actual economy of the car when fuelled with pump fuels.
As an additional remark, the concentrations of HC, CO and CO 2 are not only difficult to measure with the same accuracy of the mass of fuel consumed, the density of the fuel and the lower heating value of the fuel, but they also differ before and after the after-treatment, or engine out vs. tailpipe.
UK CO 2 and fuel economy data August 201compliant with UNECE R101
The UNECE R101 measured CO 2 emission is referred to an unspecified test fuel that may differ considerably from one test to another and more than that from the average pump fuel. As shown by the survey below, the result of such a procedure are inconsistent CO 2 and fuel economy data for petrol and diesel passenger cars of different models and manufacturers, with huge variations of the carbon dioxide emission for nominally the same amount of pump fuel used, voiding any opportunity to understand which car actually performs better under the two criteria of CO 2 emission and fuel economy when fuelled with same pump fuel. As the inaccuracy on the fuel consumption estimation is obviously much larger, the discrepancies in the fuel economy estimations may be considerably larger. The United Kingdom (UK) has introduced a taxation of cars based on the carbon dioxide emissions (carfueldata.dft.gov.uk, 2015a). For new cars registered on or after 1 April 2015, the vehicle tax rates shown in the Table 1 below apply to new cars for the first vehicle tax period only. From the second vehicle tax period onwards the standard rate will apply. The tax rates shown apply from 1 April 2015.
Because of fuel price and taxation both contributes to the vehicle cost, both CO 2 and fuel economy data impact on the parameter. Therefore, the data should be consistent. However, the UK petrol and diesel passenger cars CO 2 and fuel economy data are everything but consistent.
I consider the data collected by the UK government for 2358 diesel and 2103 petrol vehicles satisfying EURO 5 and 6 emission standards that were available for sale in the UK during August 2014. These data are declared by the manufacturers and not the result of independent tests. These data shows that from one same liter or petrol or diesel fuel consumed there may be very different CO 2 emissions, or alternatively, from same CO 2 emissions there may be drastically different amounts of petrol or diesel fuel consumed.
Considering the economy of a car is based on a fuel cost proportional to the liters of fuel used per km and a taxation cost linked to the CO 2 per km during the certification test, it is certainly recommended a better harmony in between the certification claims of the different car models by the different manufacturers, as the computed CO 2 emission from the consumed amount of fuel should not vary too much from one case to the other.
It has already been noted, however not in the peer review, that the measure of the fuel economy and the carbon dioxide emission by using the UNECE R101 procedure is everything but accurate (comcar.co.uk, 2015). A liter of diesel will produce roughly 2639 g of CO 2 . Petrol has a lower carbon content and so produces roughly 2304 g of CO 2 . The precise figures depend on the quality of the specific fuel used, that may vary. The official tests measure exhaust gases relying on the inaccurate on board diagnostic only, and then calculate the fuel consumption. As a result, some cars appear to do better than the standard chemistry would suggest, whereas others do worse.
The car fuel and emissions information of all the cars Euro Standard 5 and Euro Standard 6 sold in the UK as per August 2014 may be downloaded from carfueldata.dft.gov.uk (2015b). The data collected by the UK government include 2358 diesel and 2103 petrol vehicles satisfying EURO 5 and 6 emission standards that were available for sale in the UK in August 2014. Figure 1 summarizes the fuel economy and carbon dioxide emission data. The CO 2 emission per liter of diesel fuel oscillates from a maximum of 3049 g to a minimum of 2125 g, with an average of 2625 g, from a +16.13% to a −19.06%. The CO 2 emission per liter of petrol fuel oscillates even more from a maximum of 3735 g to a minimum of 1767 g with an average of 2327 g, from a +60.48% to a −24.05%. The largest spreading of values for petrol is mostly originated by the variable oxygen content additional to the variable hydrogen and carbon content of the test fuel. The negligible amount of CO -a regulated pollutant -in the exhaust does not explain at all the huge differences in the CO 2 content.
In theory, the same certification fuel should be used in every certification test. For a prescribed composition of the diesel or petrol fuel, there is in theory a fixed carbon content, and a fixed lower heating value for the diesel and the petrol. Without exactly the same diesel or petrol fuel, and without any accountancy for the variation, a fuel of higher energy content would translate in a lower consumption in liters of fuel. Similarly, a fuel with a lower carbon content would translate in less carbon dioxide emission. The UK petrol and diesel passenger cars CO 2 and fuel economy data are however well above the uncertainties due to the fluctuation in the fuel chemistry and energy content.
By considering the declared CO 2 emissions in g/km vs. the fuel consumption in liters/100 km, figure 1.a for diesel and figure 1.c for petrol, the data are distributed around a straight line, however with significant differences. These differences are more evident considering the histograms of the specific CO 2 emissions in g/liter obtained by combining the previous two results, figure 1.b for diesel and figure   1 .d for petrol. 69 diesel passenger car have a specific CO 2 emission below or above 2% from the average diesel specific. 106 petrol passenger car have a specific CO 2 emission below or above 2% from the average petrol specific emission. Figure 2 presents the specific carbon dioxide emission during the tests providing the data of Figure 1 of diesel (a, b) and petrol (c, d) passenger cars. The tendency lines for the test points clearly indicate that the manufacturers try to lower the carbon dioxide emissions for the smaller cars that are more economic or may have better appeal in terms of carbon dioxide emission impact. The spreading for cars having same displacement is however huge suggesting the actual carbon emission (but also the fuel consumption) when fuelled with same pump fuel may differ considerably from the certification values.
Some computational results with different hydrocarbon and oxygenate fuels
As a further contribution, we may consider computational results obtained on a turbocharged, intercooled, directly injected, spark ignited engine fuelled with ethanol, methanol, indolene or isoctane. Ethanol and methanol are oxygenates, while indolene and isoctane are hydrocarbons. The simulations have been performed with commercial engine simulation software. Combustion is modeled through a spark ignition turbulent combustion model that account for the laminar flame speed of the actual fuel. The HC, NOx, CO formation models are very crude. The model is only used to produce reasonable engine out numbers that are however consistent with the conservation of atoms of every species and to show part of the additional variability in the fuel conversion efficiency. The spark advance is set for maximum brake torque for one fuel, but the amount of fuel injected is set to perfectly stoichiometric assuming a perfect feed-back from the lambda sensor to drive the injectors' timings as may not be the case.
The model obviously does not consider the fact that the injection map is optimized for one specific fuel, and therefore may produce very far from optimal fuel air mixtures as the total amount of fuel injected is not the only goal of engine calibration.
The model only accounts for some of the relevant properties of the fuels and not for all of them, and for only the most relevant physical phenomena, as it is only a quick replacement of experimental evidence.
The results of the simulations are presented in Table 2 .
The operation is wide open throttle and maximum speed of 5,000 rpm, and not a part load point having large variability also in the simple simulations.
While delivering (about) the same power and torque, the brake specific fuel consumptions of ethanol, indolene, isoctane and methanol fuels in g/kWh are respectively 332.25, 212.92, 209.35 and 445.64.
The fuel conversion efficiencies for the four fuels are respectively 39.07, 38.47, 38.78 and 38.27. Actual differences are expected to be much larger, as the direct injection of the four fuels is very unlikely to produce same perfect mixture without any wall wetting.
The brake specific CO 2 emissions also in g/kWh are respectively 585.63, 613.49, 582.60 and 554.13.
The CO and HC emissions may be further reduced at the three way catalytic converter, similarly to the NOx emission. The reduction of the CO and HC emissions that are historically controlled pollutants same of NOx with very well proven health consequences, will translate in a further production of CO 2 and water vapor. Therefore, when computed from HC, CO and CO 2 , the fuel consumption s largely underestimated with oxygenates or higher hydrogen content hydrocarbons, as the formula is simply not working with different C/H/O ratio vs. the naďve average of petrol, that may be assumed not that far from indolene.
If we use 100% indolene to produce 1 kWh of energy working in the prescribed operating point, it will take 0.284 liters of fuel and it will produce 614 g of CO 2 . The UN-ECE R101 fuel consumption will then be assessed at 0.283 liters (−0.35%).
If we use 100% isoctane to produce the same 1 kWh of energy working in the prescribed operating point, it will take 0.303 liters of fuel and it will produce 583 g of CO 2 . The UNECE R101 fuel consumption will then be assessed at 0.294 liters (−3.03%). Now, if we use 100% ethanol to produce the same 1 kWh of energy working in the prescribed operating point, it will take 0.417 liters of fuel and it will produce 586 g of CO 2 . The UNECE R101 fuel consumption will then be assessed at 0.251 liters (−39.85%).
Finally, if we use 100% methanol to produce the same 1 kWh of energy working in the same operating point, it will take 0.554 liters of fuel and it will produce 560 g of CO 2 . The UNECE R101 fuel consumption will then be assessed at 0.253 liters (−56.58%).
Within the EU, up to 10% ethanol and 3% methanol is permitted in what is called petrol, and the hydrocarbon composition is not prescribed. A blend of 87% isoctane, 10% ethanol and 3% methanol may therefore be claimed to produce the 1 kWh of energy emitting 583 g of CO 2 and only using 0.288 liters when the actual fuel consumption is 0.322 liters (−10.39%). By using 100% indolene, the same 1 kWh of energy could have been produced emitting 614 g of CO 2 and using 0.283 liters, i.e. about same nominal fuel usage for 5% less CO 2 emission.
Real engine operation says that the impact of fuel variability may be much large (Maricq, The issues of Figure 1 and 2 are not the result of the random fuel variability at the pump, but rather, of the care- ful choice of the optimal test fuel selected by the car manufacturer to deliver misleading information to customers and government agencies, or if preferred, to play-the-rules when the rules are everything but strict and permit to play the game.
An improved procedure to measure the fuel energy use
The EU fuel specifications are not very helpful, as they do not prescribe the carbon content or the lower heating value of the fuel, transportpolicy.net (2015), Table 3 and 4, leaving space for a large variability in the pump fuels. As the present test fuels are not randomly chosen pump fuels, but fuels carefully selected by the manufacturers, one possible solution could be an EU strict specification of the reference test fuel for petrol and diesel to be used in all the certification tests. In this way, the basic procedure used now may work very well, with possibly only minor changes for the FC formulae described before to be accounted. Alternatively, if for some reasons the car manufacturers are not comfortable in comparing their cars when using same fuels, a correction of the test values measured We may consider for diesel C 13.5 H 23.6 of properties listed in Table 5 , and for petrol C 7.93 H 14.8 of properties listed in Table 6 . As what is important is the fuel energy requirement to move the car, being LHV ref fuel the reference lower heating value, the corrected fuel consumption is: The CO 2 emission will then be simply the corrected fuel consumption multiplied by the specific CO 2 production for the reference fuel.
Combustion of one mole of a hydrocarbon fuel CnHm in stoichiometric or excess air produces n moles of CO 2 .
In terms of mass, 1 kg of a hydrocarbon fuel CnHm produces n·(12+2·16)/(n·12+m·1) kg of CO 2 . Therefore, the mass of carbon dioxide emitted may be computed as (2) with m and n the carbon and hydrogen contents of the reference hydrocarbon fuel.
In case of the reference diesel C 13.5 H 23. 6 , per every kg of fuel burned there is therefore a reference CO 2 emission of 3.2 kg (or 2.66 kg per liter).
In case of the reference petrol C 7.93 H 14.8 , per every kg of fuel burned there is a therefore reference CO 2 emission of 3.17 kg (2.38 kg per liter).
By using Eq. (1) and Eq. (2), all the petrol and diesel cars are compared with objective parameters by considering the actual fuel energy requirements -the fuel economy is better measured in MJ needed to cover a cycle than simply liters of a fluid of unspecified density and energy content -and the reference carbon dioxide emission that follow the combustion stoichiometry of the reference fuel.
With the proposed simple modification all the corrected values will fall on the reference fuel line.
Discussion
The paper does not consider alternative combustion fuels. However, the proposed method may certainly be generalized to any other combustion fuel as LNG, CNG and LPG. In this case the selection of a reference fuel is even easier with propane C 3 H 8 or methane CH 4 the ideal candidates as the reference LNG and CNG or LPG. The energy method may also permit to compare combustion fuel and electric vehicles, but it is out of the scope of this paper to discuss the economic and environmental comparisons of these two different classes of vehicles. Similarly out of the scope of this paper is the consideration of the environmental life cycle costs of fuel or electricity and vehicle.
The significant variability of the C/H ratio of the diesel and the even worse variability of the C/H/O ratio of gasoline/ethanol/methanol blends, but also the strongly variable other properties as higher heating values, lower heating values, latent heat of vaporization, density, stoichiometric air/fuel ratio, laminar flame speed, boiling temperature, Reid vapor pressure, Octane number, Cetane number, water solubility, viscosity, flash point, auto ignition temperature, flammability limits and specific heat, all impact the results of the engine operation.
Conclusions
The opportunity to have nominally same fuels at the pump actually with a strongly variable composition and strongly variable properties, and the chance for the car manufacturers to use everything but randomly chosen pump fuels in their certification tests makes the UNECE R101 CO 2 and fuel economy measurement unreliable.
The present rules to determine carbon dioxide and fuel consumption during certification tests do not permit an accurate comparison of passenger cars of different models from different manufacturers.
The proposed solution is to base the assessment on the energy request by measuring with accuracy the mass of fuel consumed and the lower heating value of the fuel. The fuel consumption and carbon dioxide emission to mention from the test is then computed by using a reference fuel for diesel and a reference fuel for petrol having a given lower heating value and a give hydrocarbon composition.
Alternatively, same strictly prescribed certification fuel should be used for all the tests by all the manufacturers.
